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ABSTRACT 


A flight test method was developed for a quarter-scale model aircraft with 
minimum onboard instrumentation for the determination of the drag polar, the 
trust required curve, and the power required curve. The test included a wind 
tunnel test for propeller efficiencies and thrust coefficients, a torque test for 
engine shaft horsepower, and a flight test for flight speeds at measured operating 
conditions. The only additional onboard instrumentation besides that for radio 
control was a small cassette recorder. Two methods are described for data 


manipulation and an error analysis is provided for each of the methods. 
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I. INTRODUCTION 


"The unmanned vehicle of today is a technology akin to the importance of 
radar and computers in 1935." [Ref. 1, p. 12] These are the words with which 
Dr. Edward Teller, father of the nuclear age, recently referred to remotely piloted 
vehicles (RPVs). 

The success of the Israelis in the Bekaa Valley in 1982, certify the truth 
of Dr. Teller’s words. By flying small RPVs in the Valley, the Israelis 
destroyed 29 surface-to-air Syrian SAM missiles in one single hour [Ref. 1, pp. 
3-4]. 

This success caused many countries to become interested in RPVs and to 
start or accelerate RPV programs which have played a major role in the military 
world in the last few years. 

Low risk, due to lack of human beings on board, makes their procurement 
progress easier. Some, as Pioneer, proceeded without flight test. Therefore, 
many unknowns may exist about the aircraft’s performance. 

In this report, a method of flight testing a small radio controlled aircraft 


was developed. The goal was to develop the drag polar and the power 


required curves for the aircraft with minimal onboard instrumentation. 
Instrumentation is very important for small aircraft, where the weight factor is 


very critical--a one or two pound payload increase can be detrimental. 


Il. BACKGROUND 


Model Airplanes: To dream, to build, and then to fly. 

The roots of their art may go back to ancient Egypt, where a small winged 
object of sycamore was found in 1898 in a royal tomb. Archytas, a 
contemporary of Plato, is credited with flying a mechanical bird successfully 
also, around 400 BC. In 1804, Englishman Sir George Cayley fashioned a 
glider, and in 1871, Frenchman Alphonse Penault built a stable miniature aircraft 
powered by a rubber band. [Ref. 2, p.132] 

At Westover Air Force Base in Chicopee, Massachusetts, the rubber band 
still powers aircraft in a model competition category called free flight. Two 
other categories of model aircraft competition are radio control, in which an 
aircraft responds to signals from a transmitter, and control line, where the builder 
manipulates a handle whose wires are attached to the airplane. [Ref. 2, p. 132] 

Today, the technology of radio control systems advances very fast. 
Remotely controlled aircraft earn more and more of the interest of people 
compared to the other two categories. The advanced technology of electronics 
and the ability of building highly advanced sensors integrated into a small size 
that can fit in these small airplanes makes them an important weapon from the 


military point of view. 





During the last 20 years, much research for RPVs has been done and many 
flight tests have been performed. 

In 1975, a propeller and engine testing for mini-remote piloted vehicles 
was performed with wind tunnel and torque stand tests, at the Air Force Institute 
of Technology at Wright-Patterson AFB. 

In 1975, NASA Dryden Flight Research Center flight tested a large-scale 
(3/8) model of an F-15 fighter aircraft, to investigate the stability and 
controllability of the configuration at high angles of attack. [Ref. 3, p.1] 

The same organization, in 1986, developed an experimental flight test 
maneuver autopilot for a .44-scale version of an envisioned full-scale fighter 
aircraft [Ref. 4, p.1], that was designed to increase the quantity of data obtained 
in flight tests. 

In 1976, at a symposium held at the Royal Aeronautical Society in London, 
"RPVs - Roles and Technology,” was discussed in a paper by the British Aircraft 
Corporation. Since then, research on the "stabilized" RPV has been 
accomplished within the United Kingdom UMA Systems Research Programme. 
[Ref. 5, p. 136] 

In 1985, five joined wing RPVs were flight tested at North Carolina State 
University, in order to examine the behavior of these aircraft in flight. [Ref. 6, 


p. 1) 


In 1985, at Mississippi State University, a method was devised to determine 
the propulsive efficiency and aircraft drag from steady state flight test data. The 
method used was based on a computer formulation of Lock’s equivalent propeller 
model. [Ref. 7, p. 1] 

At the Naval Postgraduate School, a RPV program sponsored by NAVAIR 
has started. RPV research projects can be used to investigate aerodynamic 
phenomena of interest to NAVAIR with application to the RPV or to other 
aircraft. 

In 1988, a RPV was designed and its construction started for use in 
investigating the feasibility of using the Wortmann FX 63-137 airfoil, as well as 
to improve the stability and control characteristics of the Pioneer RPV. 

Also in that same year, two model aircraft were delivered to the Naval 
Postgraduate School. A half-scale Pioneer RPV, used for training by the U.S. 
Navy and the U.S. Marine Corps, and a quarter-scale general aviation type 
aircraft werd acquired. The program for these aircraft included flight tests in 
order to develop their performance in terms of aerodynamic and powerplant 
characteristics. Wind tunnel tests and measurements of the engine on a torque 
stand were also accomplished in order to develop a method for flight testing of 


radio-controlled aircraft. 
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This report deals with the quarter-scale flight testing and complementary 
tests. The limited payload capability of this aircraft necessitated minimum 


onboard instrumentation. 


IH]. EXPERIMENTAL PROCEDURE 


The goal of the flight test was to obtain the drag polar of the airplane, and 
the thrust required and power required curves. To reach that goal, it was 
necessary to develop the following: 

- Variation of the power with RPM and throttle setting 
- Variation of the thrust that the propeller produces at various flight speeds 


- Variation of the propeller efficiency with the advance ratio 


All of the above requirements were obtained by performing three major 
tests. 

First, a torque stand test was accomplished. In this test, the torque of the 
engine was measured and its power was calculated. By using six different loads, 
the power versus RPM curves were plotted for various throttle settings. 

Using the 3.5’ x 5’ wind tunnel of the Naval Postgraduate School, the 
propeller thrust coefficient and efficiency variation with the advance ratio were 
developed. 

Finally, a flight test was performed, in order to collect data for the airplane 
in flight. These data consisted of the velocity of the aircraft at every engine 


throttle setting and the RPM. 
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The method that will be followed to obtain the drag polar and the power 
required curves, hereafter referred to as thrust method, is as follows: 

Manipulating thrust, velocity and RPM data from a wind tunnel test, will 
provide the C, versus J plot. Then, from that plot, the thrust in flight will be 
obtained through the RPM and velocity measured in flight. The drag and Lift 
coefficients as well as the power required will then be calculated, so that the 
drag polar and the power required curves can be obtained and plotted. 

Another available method to obtain the above results is hereafter referred 
to as the power method. From the power versus RPM plot, obtained from a 
torque stand test, and the propeller efficiency versus the advance ratio plot, 
obtained from a wind tunnel test, the power required and thrust required are 
calculated and plotted as well as the drag coefficient so that the drag polar is 


plotted. These methods will be described in more detail in following sections. 


A. THE AIRPLANE 

The airplane that was used for this flight test was a quarter-scale general 
aviation type, radio-controlled airplane (Figure 1). Its main components were an 
aluminum tube, to which were attached the foam-core wings and horizontal tail, 
the wooden vertical tail, a 3-HP single- cylinder two-stroke gasoline engine and 
the plastic fuselage. In the plastic fuselage were mounted a 14-ounce fuel tank, 


the radio receiver, the battery and the four servos for the ailerons, the elevator, 





Figure 1A. The Quarter-Scale General Aviation Aircraft 





Figure 1B. Top View of the Aircraft 





the rudder and steering and the throttle. Mounted to the aluminum tube in the 
fuselage were the two supports for the wings and the main landing gear. 

Before the final adjustment of the push rods for the three control surfaces 
and the throttle could be made, the wing structure and fuselage were located to 
set the proper position of the c.g. at approximately 25% chord. Later on, for a 
known location of the landing gear with respect to the aircraft reference, 
measuring the weight distribution gave the exact c.g. position. Its variation with 
fuel consumption was found to be from 26.25 to 27.52% of the aerodynamic 
chord as shown in Figure 2. Upon completion of the aircraft construction, its 
geometric parameters were measured. The results are shown in Appendix A. 

The engine was a single-cylinder, 40 cc two-stroke gasoline engine, rated 
at 3-HP at a maximum speed of 11000 RPM. 

The propeller that was used for the entire test was a 20-8' wooden 
propeller. Before any tests or flights could be accomplished, break-in of the 
engine was necessary. To do so, the engine was mounted on a wooden stand 
made for this purpose. Break-in consisted of two hours total running, at all 
throttle settings. During break-in, adjustment of the engine was also performed 


to ensure the best performance at low as well as at high RPM. 


‘20-8 propeller refers to a 20-inch diameter and an 8-inch 
pitch, the pitch being the distance that the propeller advances in 
one revolution. 
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Figure 2. c.g. Variation with Fuel Consumption 
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B. TORQUE STAND 

To measure the Power of an engine vs RPM, three types of devices are 
commonly used. 

The first one is the dynamometer. It consists of an electric generator to 
which the engine is attached [Ref. 8, pp. 21-22] (Figure 3). When the engine 
drives the generator at various RPM, the generator delivers electric power. 
Proper instrumentation converts this electric power to that of the engine being 
tested. Dynamometers are the most accurate horsepower measuring devices, as 
well as the most expensive. For such a high RPM engine, an eddy current type 
(at a cost of approximately $25,000) would be necessary for this test. 

The second type of device available to measure the power is the prony 
brake. The prony brake (Figure 4) [Ref. 8, p. 20] is a simple friction device 
which, when clamped to the end of the crankshaft, measures the torque or 
turning moment of the engine. As shown in the figure, the engine is provided 
with a brake drum and brake blocks to which is attached a torque arm. At the 
end of the torque arm a scale measures the applied force. The brake is applied 
and with the engine tuming at the desired RPM, the force which is acting on a 
scale at the end of the torque arm can be measured. Problems of other 
investigators with the prony brake led to the design and construction of the 


torque stand [Ref. 9, p. 38]. 
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Figure 3. The Dynamometer 
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Figure 4. The Prony Brake 
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The principle of operation of the torque stand is that during operation, the 
engine exerts a torque. Measurement of this torque permits the calculation of 
the BHP through the formula: 

BHP = 2*n*1*F*RPM/33000 (eqn. 3-1) 
where 

33000 = 550 ft-Ib/HP * 60 sec/min from RPM 

The torque stand (Figure 5 and Figure 6) was designed by the author and 
built in the facilities of the Naval Postgraduate School. It consisted of an 
aluminum plate attached to a steel shaft which, being supported by two bearings, 
was free to rotate. A torque arm 20 inches long was mounted to the aluminum 
plate. At the end of this torque arm, a load cell was attached, to measure the 
force exerting by the engine torque. The measuring device consisted of the load 
cell, a power supply and a voltmeter. The load cell was a strain gage 
compression type rated up to 10 Ibs. It was connected to a bridge with four 
input resistances of 350 ohms each. An initial calibration with known weights 
was performed and an excitation voltage of 6.743 V was found to give scaled 
linear variation with load. A mechanical scale was used after damage of the 
load cell due to engine periodic strong vibrations. This mechanical scale was 
rated up to 25 Ib with a 0.01 Jb resolution. 

In order to determine the horsepower curve, different loads at every engine 


throttle setting must be used. In this way, a curve of the power versus RPM 
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Figure 5. The Torque Stand Design 
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Figure 6. The Torque Stand 





17 





can be constructed for every throttle setting. Then, by knowing the RPM at 
some throttle setting in flight, the brake horsepower can be obtained for that 
particular configuration. As different loads, six different propellers were used: 


20-8, 18-8, 16-8, 14-8, 11-8 and 10-7. 


C. WIND TUNNEL 

In order for the propeller performance to be determined, ie., the thrust 
coefficient and efficiency variation with the advance ratio, a wind tunnel test 
was necessary. The 3.5’ x 5’ wind tunnel of the Naval Postgraduate School was 
used. It is a closed circuit, single return, low speed wind tunnel. 

The advance ratio may be interpreted as the distance traveled forward 
during each propeller revolution (V/N), normalized by the propeller diameter (d) 
[Ref. 10 p. 9]: 

J = V/Nd (eqn. 3-2) 
The thrust coefficient is defined as 
C, = T/pN2d (eqn. 3-3) 

Operation of the gasoline engine in the wind tunnel would require the 
necessity of special construction of an apparatus for collecting exhaust gases, 
result in difficulty in starting the engine in the limited space of the test section, 
and create safety problems due to the existence of flammable fuel in the wooden 
wind tunnel. For the above reasons and because the thrust that the propeller 


produces depends only on the RPM and flow velocity and is independent of the 
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motor that turns it, an electric motor was used instead of the airplane engine for 
the thrust tests. 

The propeller used in flight was mounted to the electric motor through a 
shaft adaptor. The electric motor was attached to a thrust stand (Figure 7) 
designed by Lieutenant James Tanner [Ref. 11]. This thrust stand consisted of 
an aluminum 18-inch long arm with a window for the attachment of four strain 
gages to measure the displacement caused by the thrust force. A proper 
calibration of the stand with known weights, resulted in a voltage reading 
corresponding to thrust in pounds. A toothed wheel was attached to the motor 
shaft which in combination with a magnetic proximity sensor attached to the 
stand, gave the RPM of the propeller. For more information on the thrust stand 
see [Ref. 11]. 

A variable voltage source played the role of the throttle by changing the 
input voltage to the motor from 0 to 140 volts. In this manner the voltage 
could be varied at a set tunnel speed, and the RPM and the thrust measured, 


to result in a curve of the thrust coefficient versus the advance ratio. 


Ds FRIGHT TEST 

To test fly the airplane, various methods and techniques exist. The one 
which will be used depends on what is currently under investigation. In this 
case, with a small scaled aircraft, the goal was to obtain the drag polar and the 


thrust required and the power required as functions of flight speed. 
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Motor and the Thrust Stand in 


Wind Tunnel 


Figure 7. The Electric 
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the 3.5’ x 5 
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For the drag polar to be calculated, the variables that are necessary to be 
known are velocity, RPM, and thrust. The lift coefficient in straight and level 
flight (where Lift = Weight) depends on the weight of the airplane (Figure 8), 
the dynamic pressure and the wing area, i.e., 

C, = W/gS = Wfhepv2s (eqn. 3-4) 

For known weight and wing area, the only unknown that must be 
determined is the dynamic pressure, and for measured pressure and temperature, 
this unknown reduces to the true velocity of the airplane. 

To calculate the drag coefficient requires more effort. Since the drag 
coefficient C, is defined as: 

eG = Das = Dzpvs (eqn. 3-5) 
drag, as well as velocity, must be known. 

Because the flight is straight and level, thrust is equal to drag, ie., 

T=D 
But from equation (325), 
. = Cond, (eqn. 3-6) 

In other words, for constant p and d, C, and N must be determined. The 
thrust coefficient of the propeller vs advance ratio is known from wind tunnel 
test results. The rotational speed N (or RPM) was recorded in flight onboard 


the aircraft. 
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Figure 8. Forces on the Aircraft on Steady Level Flight 
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THRUST 


To determine true flight speed, the ground speed course method [Ref. 12, 
p. 4.16] was chosen. This is a method that is used by general aviation aircraft 
to compute the position error of the pitot static system. The method consists of 
runs over a premeasured ground distance. By recording the time it takes for the 
airplane to travel the marked distance, the true Velocity can be calculated. To 
eliminate the effect of any headwind, two runs in opposite directions must be 
conducted. By averaging the two velocities, the wind component cancels out 
with the assumption that it was constant during these two runs. The airplane 
should also be allowed to drift with the crosswind, i.e., the aircraft should be 
allowed to fly on the magnetic heading of the ground course so that the 
crosswind component is eliminated also. Each pair of runs must be 
accomplished at constant RPM, i.e., constant throttle setting. 

To measure the RPM in flight, a small cassette recorder, weighing seven 
ounces, was mounted inside of the fuselage. A wire was wrapped around the 
spark plug ae so that a periodic electric signal was transmitted by induction 
to the recorder through a shielded cable. Playback of the cassette into a 
frequency counter revealed the frequency of this signal and the RPM of the 
engine. This cassette recorder was the only onboard instrumentation used in this 


flight test. 
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IV. RESULTS - DISCUSSION 


A. PRETEST FLIGHT 
An introductory flight was necessary after the airplane had been built. The 
main reason for this is for checkout of any handling problems or trim 
adjustments. A very experienced pilot must be chosen for this very first flight. 
Preflight inspection included: 
- Inspection of engine for good condition and to ensure bolt tightness 


- Inspection of fuselage for good condition and to ensure tightness of all 
parts (receiver, battery, servos, etc) 


- Inspection of correct movement of all control surfaces and engine throttle 


- Range test for the transmitter. A 200 ft test with the transmitter antenna 
collapsed was positive and guaranteed that a much longer range would be 
obtained during flight with the antenna extended. This test was 
accomplished with the engine running, to ensure that there was no 
interference from the engine. A second range test was conducted during 
the taxi test. 


- Engine operation at different throttle settings and engine response. The 
engine must run smoothly at 4-cycle operation (low speeds) as well as at 
2-cycle operations (high speeds). 

- Taxi test--for good response of the airplane and centered nosewheel 
steering straight taxiing at neutral. A second range test for the transmitter 
was also accomplished during taxiing. 


- Shutdown and inspection of the engine for loose bolts or fittings. 


- Fuel tank inspection for good condition. 
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After the preflight inspection, the first flight was conducted. 
Tests during this first flight were performed in order to certify: 
- Control surface response 
- Correct trim of the airplane 
- Engine response 
- Possible frequency interference for the radio 
- Effect of c.g. location 
- Speed of the airplane at minimum throttle setting 
For this airplane, in accordance with the pilot’s recommendations, the 
required adjustments, after this first flight, were elevator trim adjustment and 
movement of the c.g. location from 25% chord to 30% chord. This last 
adjustment was accomplished by adding a small weight behind the c.g. and by 
moving the recorder to the rear part of the fuselage. On subsequent flights, 
instead of the weight, a larger battery of 1200 mAh capacity replaced the 
existing one of 500 mAh. This also gave a longer flight time due to the extra 
battery life, and eliminated the possibility for electric power loss in flight. A 
second flight indicated that the addition of the small weight was unnecessary and 
had an undesirable effect on low speed behavior. A third flight, with the final 


configuration of the airplane, gave results that promised a safe test flight for the 


airplane. 
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B. FLIGHT TEST 

The flight test data were collected on two different days. The first day, the 
flight test took place at Fritzsche Army Airfield, Fort Ord, California. Runs 
were performed over a premeasured distance of 1500 ft and for throttle settings 
from 8 to 20°. Four persons were used during this flight test to collect the data: 
the pilot and the person that was timing the runs and recording time, throttle 
position and run number, standing at the midway point of the ground course; and 
one person at each end of the ground course, signalling the passage of the 
aircraft and the beginning of the timing. The time for each run was recorded 
on a flight test form, specifically designed for this experiment (Appendix B). 
The ambient temperature and the atmospheric pressure were obtained from the 
nearest airport. The air density was calculated from the equation of state: 

p = p/RT (eqn. 4-1) 

The RPM were recorded by the cassette recorder mounted in the fuselage 
of the airplane. In order to provide correspondence between the RPM and each 
particular run during playback of the cassette, a second recorder synchronized 
with the one in the airplane, was used. Into this recorder, the person recording 
the time announced the start and end of each run as well as each throttle setting 


change. 


*The throttle lever on the transmitter had 23 settings. These 
were set up to correspond to throttle openings from 302 to 200 @ 
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Every five to six two-pass runs, the airplane was landed for refueling. An 
estimation of the fuel consumption was recorded so that the Velocity could be 
corrected to standard weight by 

V, = V(W/W,)"(G)"* = Vi. (eqn. 4-2) 

On that day some frequency interference was observed, causing apparent 
problems of piloting the aircraft. This interference was considered serious and 
led to the use of another field, at Los Banos, California, for the second’s day 
flight test. 

On the second day of testing, the ground course distance was reduced to 
1000 ft due to the limited ground run distance available. The same 
measurements as for the first day of testing were made, this time for all throttle 
settings. A new temperature and pressure were also recorded. 

After calculation of velocities corrected to standard weight, an average 
velocity and an average test weight were used for further calculations. Values 
of these, as - as RPM data, are shown in Table 1. 

For each test weight and the corresponding velocity, the lift coefficient 


was calculated from eqn. 3-4. 


Cc. PORQUE STAND 
As mentioned in Chapter II], a torque stand was used to determine the 


power of the engine at various throttle settings and RPM. 


2a 


The data recorded are shown in Table 2 and the power curves vs RPM are 
plotted in Figure 9 for the electric motor. From this plot the BHP of the motor 
can be obtained for some particular RPM and throttle setting. This value of 
BHP was used to determine the propeller efficiency from the wind tunnel test 
data for the same throttle setting. 

A large periodic fluctuation of the force reading from the load cell was 
observed, specifically at high throttle settings. Careful search for the cause of 
this fluctuation revealed that the flowfield from the propeller blowing on the 
torque stand was producing a lift to the torque stand arm. The solution to this 
problem was the installation of a protective panel in front of the arm. As 
indicated by the electric motor power data, this lift gave an error of as much as 
20%. 

Unfortunately, due to strong high-frequency vibrations of the aircraft engine, 
the strain-gage load cell was damaged and a mechanical scale was used in its 
place. This scale had an resolution of 0.01 pound which was considered very 
satisfactory for these measurements. 

A casting failure in the engine crankcase prevented further measurements 
of the aircraft engine, with the protective panel installed.’ Figure 10 shows the 


power curves plotted without the protective panel. (Comparing the shape of 


*The consolation of this misfortune was that the torque stand 
was the last test conducted. All flight test data had been 
collected when the failure occurred. 
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Figure 9. Power Versus RPM 
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these plots with the one of the electric motor plots, the effect of the flowfield 


from the propeller can be observed.) 


D. WIND TUNNEL 

The last set of data was obtained from the wind tunnel test. The 
temperature and pressure were recorded from the thermometer and barometer of 
the wind tunnel. The conditions were measured to be T = 63°F and P = 30.38 
in Hg. Three runs were performed, at three different wind tunnel velocities of 
40.4, 60.06 and 73.67 fps in an attempt to get a wider distribution of J. At each 
run the thrust and the RPM were recorded for each throttle ( or voltage ) setting. 
The results are shown in Table 3. From the reading of the voltmeter for the 
thrust, a correction was made for engine torque. Specifically, part of the reading 
was due to the actual torque of the motor. To correct for this, the voltage 
measured at the torque stand was subtracted from the voltage reading of the 
wind tunnel. so that the corrected thrust corresponds to pure thrust of the 
propeller. 

In accordance with eqn. 3-2 and eqn. 3-3, the advance ratio and the thrust 
coefficient were calculated (Table 3) and the C, vs J curve was plotted (Figure 
11). To fit the data in this plot, the curve fitting method of least-square 
regression was used. Looking at this Figure, a considerably large scatter can be 
observed. One reason for the scatter can be attributed to the electric motor. 


The 20-8 propeller proved to be a heavy load for this 1-HP motor causing it to 
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Figure 11. Thrust Coefficient Versus Advance Ratio 
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overheat, which tended to reduce RPM. To minimize the temperature effect, 
one to two minute intervals with the electric motor stopped were taken between 
each throttle setting to allow the engine to cool down by the wind tunnel air 
flow. 

Another reason for the data scatter is due to the error in reading the RPM. 
At high throttle settings, a significant thrust change corresponded to a very small 
RPM change, as can be seen in the thrust versus RPM plot (Figure 12). Since 
in eqn. 3-3 the RPM are squared, the result gives a large scatter for those points. 
An extended error analysis relating to the scatter is given in Chapter V, Error 
Analysis. It is considered that more runs at various wind tunnel velocities at 
throttle settings up to 80% would give more precise data. 

The efficiency of the propeller was calculated from the formula 

7) = & V/BHP 550 (eqn. 4-3) 
where BHP was obtained from the BHP versus RPM plot (Figure 9) by entering 
with the RPM corresponding to each value of thrust T and knowing the throttle 
setting at which they were obtained in the wind tunnel. 

The plot (Figure 13) gives a maximum propeller efficiency of 83% at an 
advance ratio of about .32 and 0% at 0.495. This reveals that to have best 
results the aircraft should fly in the advance ratio regime from 0.30 to 0.35. 
The large scatter that is observed in this plot is attributed to the same causes as 


for the C, vs J diagram. 
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The above two curves with the flight test data form the basis for the 
development of the drag polar, the thrust required and the power required curves. 

As shown in Chapter III, C, can be calculated from eqn. 3-4 and from eqn. 
3-55 

Then from eqn. 3-6 the thrust can be calculated as follows: 

For a certain velocity from flight test data (Table 1) and the corresponding 
RPM, the advance ratio can be calculated (eqn. 3-2). Using this advance ratio 
in the C, vs J plot (Figure 11), the thrust coefficient is obtained. Then from 
eqn. 3-6, the thrust can be calculated and from eqn. 3-5, the drag coefficient. 

Since the drag polar equation can be assumed to be parabolic [Ref. 13, pp. 
211-215] of the form 

C, = C, + C.2/meAR (eqn. 4-4) 
If C, is plotted versus C,2, the resulting line should be straight, based on the 
parabolic assumption. By curve-fitting those data (Figure 14), the drag polar 
equation is obtained (as shown in Figure 15): 

C, = .045 + .0640C, 2 (eqn. 4-5) 

From the drag polar equation, the parasite drag coefficient has a value of 

Cy, = .045 
and from 1/meAR = .0640 the Oswald efficiency factor is found to be 


e = 0.69 
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Equation 4-5 was obtained with least square regression. The large scatter 
of the above two plots, raises the question of the cause of the inaccuracy. A 
discussion is given in Chapter V., Error Analysis. The procedure to determine 
the thrust required and the power required curves follows next. 

From eqn. 3-6, the thrust was calculated for each velocity and the thrust 
required was plotted (Figure 16). For the lower part of the curve to be plotted, 
where no data points exist from the flight test, the use of the parabolic drag 
polar is practical, if only as a rough prediction. The reason that no data were 
obtained at that regime was lack of knowledge of the low speed behavior of the 
aircraft. Lower flight speeds will be investigated in later tests. 

The thrust required curve gives a maximum thrust of 4.5 lbs at 110 fps 
velocity. The minimum thrust required can be calculated by using the drag 
polar, because (C,/C,),,.. takes place at minimum drag [Ref. 13, pp. 255-262]. 

From egn. (4-5), (C,/Cp),a, can be estimated. This happens when 

Cy = C2/neAR 
The above relation gives (C,/C,),,.. = 9.32 when C, = 0.839 and C, = 0.0901. 
Then, since 

V=(W/4pC,S)¥ 
the velocitv for (C,/C,),,,, can he calculated and is found to be 


Viacom = 49.88 fps 
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At that velocity the minimum thrust is 

Toe 1.77 Ibs 

Since 

R,= TVv/550 (eqn. 4-6) 
for each value of thrust, a corresponding power required value was calculated. 
To plot the power required curve, use of P,,V,, versus V,,,° was made, which 
is a straight line based on the following development [Ref. 12, p. 5.12]. 

P,, = DV,,/550 = V,.C2p Viv 2SCp)/550 = (4pPV,,7S/S550)(C,, + C,.2/teAR) 

=JK1V,,” + K2/V,, (eqn. 4-7) 

Therefore: 

bone = KIV,,* + K2 (eqn. 4-8) 
which is the equation of a straight line if P,,V,, is plotted against V,,*. By using 
least square regression for the data points, this equation is found to be 

Po = 6.062] + 6.2706E-7 V,,* 
This plot is co in Figure 17. From this plot the power required curve can 
be plotted (Figure 18). To calculate the minimum power required, use of the 
drag polar equation was made again. Minimum power required happens when 
C,°’/C, is a maximum [Ref. 12, p. 5.13], at which condition 

Ge = C77/reAR 

This was found to give (C,?"/Cy) ma = 9.72 at C, = 1.453 and C, = 0.1801. This 


high C, value is probably unobtainable in this low Reynolds number aircraft; 
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es 


probably the minimum power required value cannot be reached for steady level 
flight. Following the same procedure as for the thrust required, the velocity 
and the drag were calculated for those values. They were found to be 

V = 37.9 fps and D = 2.04 Ibs 

Then the minimum power required from eqn. 4-9, is found to be 

Pimin = 0.216 HP 

As mentioned before, data at the lower part of the curve were not obtained due 
to lack of knowledge of the low speed behavior of the aircraft. 

Also from the power required plot, the maximum velocity of the aircraft 
can be estimated at a value of about 110 fps. This happens at a maximum 
power required of approximately 0.85-HP. An accurate value for the maximum 
velocity can not be determined, because the power available curve is not known. 


Such should be obtained from sawtooth climb or acceleration method tests. 


V. ERROR ANALYSIS 


In this chapter, a discussion of the types of errors that may have occurred 


while collecting the experimental data will be presented, for both the Thrust and 


the Power methods, as defined in Chapter III. Also discussed, will be the 


uncertainty that these errors give to the variables that are used in development 


of the drag polar, the thrust required and the power required. The method that 


is used to obtain the results that follow, as well as sample calculations, are from 


Ref. 14, pp. 48-57, and can be found in Appendix D. 


As described in the previous chapter, the measurements taken during the 


flight test were the time for each run and the RPM from the cassette recorder. 


Uncertainty for the time is estimated to be +0.3 seconds and can be attributed 


to: 


human error by the person that was timing 


human error by the person that indicated the passage of the airplane from 
the beginning or the end of the run 


flight of the aircraft not absolutely straight and level 


allowance of the aircraft to drift with the crosswind 


Uncertainty for the RPM is estimated to be + 2% and can be attributed to: 


noise of the recorded signal due to engine operation and the receiver and 
servos 


45 


- vibrations from the engine which caused the signal to be ill-timed during 
playback 


- actual change in the RPM during the test run 
- frequency counter resolution error 
To compare the effect of the ground course distance on the uncertainty of 
the variables, two values are given in each of the following cases: One for 1000 
feet, which was the actual distance on the second day of flight testing; and one 
for 2000 feet, which is considered as the suggested distance. 
For the velocity from V = distance/time: 
uncertainties were found to be: 


wy = + 3% for a distance of 1000 feet 


Wy + 2% for a distance of 1500 feet 


+ 1.5% for a distance of 2000 feet 


Wy 
For the advance ratio from J = V/Nd: 


+ 3.6% for 1000 feet 


Ww; 


+ 2.5% for 2000 feet 


Wy 


For the thrust coefficient from the C, vs J plot (Figure 11): 


+ 52% for 1000 feet 


Woy 


+ 33% for 2000 feet 


Wer 


For the thrust from T = C,pN’d*: 


+ 52% for 1000 feet 


Wr 


+ 33% for 2000 feet 


Wr 
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For the drag coefficient from C, = T/“pV’S: 


+ 52.7% for 1000 feet 


Wep 


+ 33% for 2000 feet 


Wep 


For the lift coefficient from C, = W/“pV’S: 


Wa + 6% for 1000 feet 


+ 3% for 2000 feet 


Wa 


For the power required from P, = TV/SS0: 


+ 52% for 1000 feet 


Wp 


Wp + 33.2% for 2000 feet 

The above very large values of the uncertainties give an explanation for the 
large scatter of the drag polar data. 

By following the Power method, as described in Chapter III, to calculate 
the drag polar and the thrust and power required curves, smaller values of 
uncertainties are obtained. 

seating a + 1.7% uncertainty for BHP attributed to 

- RPM uncertainty 


- measuring device uncertainty 


- reading error of the plot 
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the following results are obtained: 


Wa same as before 
Wey  252-0% tor 100GRteet 
Woep = +12.5% for 2000 feet 
w, = +32.8% for 1000 feet 
wr, = +23% _ for 2000 feet 
wp = +33% for 1000 feet 
Wp = +£23.2% for 2000 feet 
This method gives more accurate results for C, and T. The reason for this is 
that the C, vs J plot, which is the major source of uncertainty in the Thrust 
method, is not used. The P, shows the same uncertainty as in the Thrust 
method. The reason for this, is the use of the n vs J plot (Figure 13) at low 
propeller efficiency values where the curve is steep and the uncertainty of the 
N is large (433%). Use of a propeller more efficient at those values of J will 
reduce potential errors. 
Suggestions to improve the accuracy of the first flight test method are: 
- The ground course distance should be increased to at least 2000 feet. 


- The pilot should stay at one end of the runway so that he has a better 
view of the airplane’s constant heading. 


- A noise filter should be constructed and placed before the recorder so that 
the signal will be clearer. 


- The recorder should be better isolated from engine vibration. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

The purpose of this project was to develop a method to estimate the 
performance of a quarter-scale general aviation aircraft with minimal onboard 
instrumentation. In other words, the development of the drag polar and power 
required curves was required. As shown in the previous chapters, a method was 
demonstrated. The drag polar, as shown in Figure 15, was developed and the 
power required versus the true velocity was plotted (Figure 18). Onboard 
instrumentation in flight consisted of a small cassette recorder. 

Three major tests were performed in order to reach the goal: the torque 
stand test, from which the power of two engines, the airplane engine and the 
electric motor, were obtained; the wind tunnel test, which was used to develop 
the propeller efficiency and the thrust variation with the advance ratio; and 
finally, the flight test, during which the velocities of the aircraft at various RPM 
and throttle settings were recorded. 

Manipulation of the data by classical methods produced estimations for the 
drag polar and the power required curves. Observation of the drag polar shows 
a large scatter for the data points. As was explained in Chapter V, Error 


Analysis, this was mainly attributed to the values of the advance ratio for which 
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the airplane flew, where a large uncertainty for the thrust coefficient exists. 
Also, in that regime, the propeller efficiency was found to be very low (35- 
45%); use of a more suitable propeller should reduce the scatter to an acceptable 
level. 
From the drag polar, the (C,/C,),,,, was estimated and found to be 9.32. 
For those C, and C, values, the minimum thrust (or drag) of the airplane was 
calculated and found to be T.,,=1.77 Ibs at a velocity of 49.88 fps. Also, the 
(C,?7/C5) max Was estimated and for a value of 9.72, the corresponding minimum 
power required was found to be 0.216 HP at a velocity of 37.9 fps. 
From the power required curve, a maximum velocity of approximately 
110 fps can be estimated at a maximum power required of about 0.85-HP. This 


corresponds to 2.6 BHP, since the propeller efficiency at that speed is only 33%. 


B. RECOMMENDATIONS 
In view of the above conclusions, the following recommendations are made: 
1. The Aircraft 
- Use of a more optimum propeller 
- Use of a minimum of a 2000-foot ground test distance for future tests 


- Installation of a noise filter onboard. which will give a clearer signal and 
will reduce the uncertainty for the RPM 


- Isolating the vibration caused by the engine, by installing some special 
device, i.e., lord mounts. This may cause a problem with the c.g. location 
(which will necessitate the need for a small weight addition at the rear part 
of the aircraft), but it is considered a must. 
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During the flight test. the pilot should stay at one end of the runway, so 
that he can better maintain a constant heading of the aircraft. 


Fly the airplane at lower speeds and fill in the gaps in the data. 
2. The Wind Tunnel and the Torque Stand Tests 

Select a better and more accurate controller and electric motor. 
Select a more suitable mechanical scale for the torque stand. 


Use the Power method as discussed in Chapter V, Error Analysis, for data 
manipulation. 
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APPENDIX A 


AIRCRAFT CHARACTERISTICS 


After measuring the aircraft the following have been obtained. 
Gross Weight W = 16.5 Ibs 

A/C length = 48 ft 

Wing area S= 6.65 ft2 

Wing span b= 6.94 ft 

Aspect Ratio AR = 7.25 

Airfoil : Symmetric 

Chord c= 14.2 in 

Wing Incidence Angle = 0.9° 

Leading edge sweep angle A,, = 1.4° 

Taper ratio r= 0.58 

Fuel weight 14 oz. 

Horizontal tail area S,, = 162.3 in2 

Horizontal tail span b,, = 30 in 

Horizontal tail leading edge sweep angle A,, = 6.6° 
Horizontal tail taper ratio Ay, = 0.66 


Vertical tail area S,, = 9.95 in2 


a2 


Vertical tail span by, = 9.8 in 


Vertical tail taper ratio A,, = 0.32 





3) 





0 1329 15.4 2571 54.3 59.2 


Figure 19. Top and Side View of the Aircraft 
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APPENDIX B 


FLIGHT TEST FORM 


Ce = ON a ae) | i ae ine) 
| ron | rHrorrnel trme | vetocrty | rem lorHER 


: # |. serrine | RUN | AVG 

I a | | | | | | I 
fl o4 | a. | | I 
- Bel | | | | | 
+} —}-__+ + 
I a | | | | | | | 
\e 2 | a | | I 
B | | | | | | 
|} —_+_+-—__-_+-__ 
I aA | | | | | | 
ip 3 | —— | | \ 
| B | | | | | | | 
02S pS ee || | a Be | = oe | 
I A | | | | | | I 
ll 4 | a | | I 
B | | | | | | 
es 
I A | | | | | | I 
5 | ——<$+———| | | 
; B | | | | | | 
[f+ —}_ + —+— 
I a. | | | | | | 
I 6 | -— 1 | | I 
! B | | | | | | : 
je ti 
I ny | | | | | | 
Pg | a4 | | l 
B | | | | | | 
| 
I A | | | | | | | 
ll 28 | a | | | 
I B | | | | | 
aa a a 
ll A | | | | | | | 
i 9 | ——— 1 | | I 
ll B | | | | | | 
{$+ + }__+—_ +1 
I A | | | | | | I 
ll 10 | ——_—_| | | I 
I B | | | | | | | 
eee ee ee 

Date 4 Filot 
Temperature : Pressure 3 
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TABLE 1. TORQUE STAND ELECTRIC MOTOR DATA 


PROP SIZE 
%o THROTTLE 


20 
30 
40 
50 
60 
70 
SO 
90 
100 


CROP SIZE 
"0 THROTTLE 


20 
30 
ral@) 
SO 
60 
70 
So 
90 
100 


RPM 
(Ib) 


3670) 
3150 
6425 
7665 
$830 
9890 
10880 
11700 


RPM 
(Ib) 


1720 
ZIAD 
3630 
4425 
ois 
5920 
6460 
6860 
7000 


APPENDIX C 


DATA TABLES 


1 SRE 


03.039 
04.073 


16-8 


04.024 
07 .067 
Ale lke) 
17 .266 
ah Alle 
30 .601 
236 .800 
41.980 
16S 


RPM 
(Ib) 


3230 
4525 
$720 
6870 
S000 
8850 
9830 
LOSS0 
[1080 


RPM 
(Ib) 


1490 
2325 
3135 
Smo 
4455 
5100 
§500 
5605 
6000 
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BIIP 


O34 
SO 
149 
243 
360 
mile 
062 
ae: 
1.021 


BIIP 


O16 
O49 
140 
oe 
394 
ore 
FE 
913 


RPM 
(Ib) 


2280 
3390) 
4425 
5365 
6240 
7015 
7760 
8240 
8600 


RPM 
(Ib) 


1265 
2140 
2875 
33520 
d065 
4650 
4900 
5100 
5400 


14-8 
12 


BLIP 


024 
067 
149 
266 
3 
60] 
800 
IS 
1.165 





TABLE 2. WIND TUNNEL DATA 


THROTTLE V = 73.67 fps 
Sel TING RPM f23a) coir 
% VOLTAGE (Ib) (Ib) 
Ss 10 4310 -4.82 -4.82 
IO 923 4380 -4.68 -4.68 
20 36 4450 -d.d3 -4.46 
BO) 49 4585 -4.13 -4.23 
40 62 48250-3533 =3.33 
50. 75 S110 -2.33 -2.66 
6O «88 5480 -0.73 -1.18 
7O 101 SSO) OID 
80 t14 6250 3.17 2.460 
90 127 6290 4.37 3.5350 
100 140 6250 5.77 3.62 
T = 61.9° F 


p = 30.16 in Hg 


Ap 
a = 0.9482 


J 


RPM 


3270 
3350 
3450 
3665 
3950 
4360 
4800 
SIS 
5650 
5700 
5700 


ay | 


V = 60.06 fps 
die COT 


ib) 


-2.67 
=2257 
Le) 
-1.67 
ae 
263 
pages 
4.28 
6.58 
S12 
9:23 


(Ib) 


-2.67 
2.00 
-2.30 
-1.78 
-.975 
304 
1.774 
3.693 
S50 75 
7.300 
8.250 


V = 40.40 fps 


RPM 


2170 
2300 
2500 
2815 
3240 
3770 
4285 
4790 
5220 
5330 
5350 


Leng: LOOM 


(Ib) 


-1.30 
-1.14 
- .84 
-.14 

96 
261 
4.51 
6.76 
8.9] 
10.76 
10.86 


(Ib) 


-1.30 
-1.14 


-.868 5 
-.245 5 
1 SSea 
2.284 . 
4.055 . 
Cnlya7: 
Sao. 
TS 
DSU 


TABLE 3. FLIGHT TEST DATA AND RESULTS 


THROTYELE 
SETTING 


- 
(fps) 


67.170 
67.200 
83.870 
89.420 
92.500 
96.180 
98.520 
103.18 
NO2 92 
106.73 
103.89 
107.43 
107.43 
106.60 
109.85 
111.05 
109.55 
106.64 


RPM 


5400 
5450 
6500 
7080 
7380 
7680 
7900 
8100 
8220 
8340 
8400 
8480 
$540 
8550 
$700 
8700 
8700 
8670 


L 
(Ib) 


2.00 
PasoAh 
2.04 
2.81 
3:30 
3.84 
4.13 
3.34 
4.4] 
JEG 
5.28 
4.03 
4.19 
4.84 
4.24 
a8 
4.35 
4.97 


58 


Cr 


458 
456 
plo 
ase) 
241 
ete 
212 
Me 
plo3 
183 
ogee 
ie 
olZg 
181 
171 
167 
laa 
183 


FE 
(HP) 
243 
pin 
323 
457 
597 
671 
740 
627 
825 
652 
997 
787 
818 
938 
847 
163 
866 
960 


APPENDIX D 


ERROR ANALYSIS CALCULATIONS 
if ee Sse 


then uncertainty for Y is: 


1/2 





- , 
w= se yeh + (ay) 


2 Aye 
a Los) ae cee Care Deal 


Where 1'y, ty, ---Wy, are the uncertainties for XX, ---X, 


Then by estimating a .3 second error for a run with velocity 100 fps, the following cal- 


culations can be made to estimate the uncertainties using Formula 5-1. 


V= 


fe 100 fps 


Then for a ground distance d = 1000 feet 


Wwr=+t.3or 3% 
wp = (10)(.3) = +43 or +3% 
For distance d = 1500 feet 


dV 1500 
eae 


wr=t dor +2% 


wy = (6.67)(.3) = + 2 or 2% 


For distance d = 2000 feet 
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dV __ 2000 _ 


at 20° 
wr=t.3or £1.5% 


p= ( = SC oe e 


So 

For d = 1000 feet > wy =3% 
d = 1500 feet > wy = 2% 
d = 2000 feet > wy = 1.5% 


Estimating a + 2% uncertainty for the revolutions of the engine, the following cal- 
culations can be made for the run with throttle setting 12. The calculations are made 


for distance 1000 feet. Results in parenthesis are for d = 2000 fect. 





w,(103.18)(.03) = 3095 (1.548) 
wy = (135)(.02) = 2.7 


wy = [(.0044)?(3.095)? + (.0034)(2.7)?]'/? = 0.0164(0.0114) or 3.6% (2.5%) 


From C, vs J plot (Figure 11), the above values of J give a we, = 52% (33%). Then 


further calculations give 


T = C,pN'd" = 3.34 


60 








aA Sted = 04 

T 

eT vd 

AN = 2C7p1 = .0495 


Wer = (.01)(.52) — .0052%(.0033) 
wy = (135)(.02) = 2.7 
w= £(334)*(.0052)? + (.0495)°(2.7)"]'/? = 1.74 (1.11) of 52% (33%) 


== a 
1/2pt?S 


Cp 








wy = (3.34)(.52) = 1.74 (1.10) 
w,(103.18)(.03) = 3.09 (1.55) 


Wep = [(.012)(1.74)? + (.00077)’(3.09)"]'? = .021(.013) or 52.7% (33%) 


Wy = 3.09 (1.55) 


Wer = O15 (.0057) or 6% (3%) 
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w= 1.74 (1.11) 
wy = 3.09 (1.55) 
wp = [(.1876)?(1.74)? + (.006)?(3.09)7]'/? = .33 (.21) or 52% (33.2%) 
By using the Power Method as described in Chapter 5, and by estimating from the 


BHP vs RPM plot, a wyyp = + 1.7%. Also from the 7 vs J plot (Figure 13), the uncer- 


tainty for 7 is estimated to w,= + 33% (23%) 


Then, 


P=nBHP = .62 


(e 
Ange 0 ee 





a = BHP =2.05 


> 


a= (205) 055 
ww, = (.305)(.33) = 1 (.07) 


wp = [(.305)’(.035)" + (2.05)°(.1)7]'/? = .205(.144) or 33% (23.2%) 
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Tato = 3.34 

ae 5500 

Ht = 5.33 

A 5 
eee - 022 


wp = .205 (.144) 


wy = 3.09 (1.55) 


wy = [(5.33)°(.205)? + (.032)"(3.09)7]'/? = 1.1(.77) or 32.8% (23%) 








Tr 

Cp= 2 = 
L/2ph°S 

€Cp 

aT = 012 

oC 

a 0077 

cl 

we = 1.1 (.77) 


wy = 3.09 (1.55) 


Wep = [(.012)°(1.1)? + (.00077)7(3.09)7]'? = .0134 (.0093) or 33.5%(23.3%) 


63 


10. 


11. 


LIST OF REFERENCES 


Parker, H. Keith, The Design and Initial Construction of a Composite RPV 
for Flight Research Applications, Master's Thesis, Naval Postgraduate 
School, Monterey, California, October 1988. 


Long, M., Model Airplanes, National Geographic, July 1986. 


Hollerman, E., NASA Technical Note D-8052, Summary of Flight Tests to 
Determine the Spin and Controlability Characteristics of a Remotely 
Piloted, Large-Scale (3/8) Fighter Airplane Model, January 1976. 


Duke, E., Jones, F., Roncoli, R., NASA Technical Paper 2618, Development 
and Flight Test of an Experimental Maneuver Autopilot for a Highly 
Maneuverable Aircraft, January 1986. 


Coleman, R., Robins, A.J., Frary D.J., and Stephenson R., Mini RPV 
Research, August 1980. 


Perkins, J.N. and others, North Carolina State University, Report AIAA- 
85-0275, The Design and Testing of Several Joined Wing RPV’s, January 
1985. 


Bull, G., Bennett, G., Propulsive Efficiency and Aircraft Drag Determined 
from Steady State Flight Test Data, paper presented at the General Aviation 
Aircraft Meeting and Exposition, Wichita, Kansas, April 1985. 


Karvinen, Cargnino, Aircraft Propulsion Powerplants, October 1950. 
Sanders, Milton R., Propeller and Engine Testing for a Mini-Remote Piloted 
Vehicle, Master’s Thesis, Air Force Institute of Technology, Wright- 
Patterson AFB, Ohio, March 1975. 

Carson, Bernard H., Wind Tunnel Tests of Unmanned Aircraft Propellers, 
Aerospace Engineering Department, US Naval Academy, Annapolis, 
Maryland, Report EW-10-88, August 1988. 


Tanner, James, Flight Test of Half-Scale Pioneer, Master’s Thesis, Naval 
Postgraduate School, Monterey, California, March 1989. 


64 


2. 


13: 


14. 


Roberts, Sean C., Light Aircraft Performance, Notes, AE 4323, Naval 
Postgratuate School, Monterey, California, Spring 1988. 


Anderson, John, /ntroduction to Flight, McGraw-Hill, 1985. 


Holman, J.P., Experimental Methods for Engineers, McGraw Hill, 1984. 


65 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 


Cameron Station 
Alexandria, Virginia 22304-6145 


Library, Code 0142 
Naval Postgraduate School 
Monterey, California 93943-5002 


Hellenic Air Force General Staff 
C Branch 

Holargos, Attiki 

Greece 


Embassy of Greece 

Office of the Air Attache 
Massachussetts Avenue N.W. 
Washington D.C. 20008 


E. Roberts Wood, Code 67wd 
Department of Aeronautical Engineering 
Naval Postgraduate School 

Monterey, California 93943 


Richard Howard, Code 67Ho 
Department of Aeronautical Engineering 
Naval Postgraduate School 

Monterey, California 93943 


Captain Nicolaos D. Bamichas 
Davaki 65, Papagou 
Athens, Greece 


Howard Crispin 

c/o Academy of Model Aeronautics 
1810 Samuel Morse Drive 

Reston, Virginia 22090 


66 





2) 


10. 


Mr. Harry Berman 

Naval Air Systems Command 

Aircraft Division-Research and Technology 
Air 931 Washington, DC 20360 


LCDR E. Pagenkopf 

Department of Aeronautics, Code 67Pa 
Naval Postgratuate School 

Monterey, California 93943-5000 


67 

















Bamichas 


Tiight test method de- 
velopment for a quarter- 
scale aircraft with 
minimum instrumentation. 


co 





thesB2085 




























LUA Salitwed 4 8 r'8 ¢ 
A Med Moh ai 
ude» 





Satematrs? Seon ran 
Dad CEMA Oe Cor hee OR 
LOA ABE Ander | 
ITD Arie O08 b Fakes tf id aS 
Pr ee ee ae eee 
ah AeA tee DAE Mr Te Pub AL Bt ANS nm 














oni poe enn bh Meee yy ial ORL 3 2768 000 81148 3 


Spas Rateh MAP ioe 
ape Bit, Se INN 8 
Peer sery erin: 


a Rs ie DUDLEY KNOX LIBRARY 












' Wiad eed * 
MO fost Himtietyhe, Wome ee wrk wa 
Serer UTS ir sy re) * 
Let fap Aah ad ok FO glee. ae oye toed 
ot tart on em dist gy ae Pr) i , 
‘ | 

a SO a 

eatery et 

a rate eh 





Ty Ava hae ook Tt 





































Wirealh | thes tod 5 : 5 
Cees i ee YS wee Py 
. Medline oa Mates DANN iho 4 
rs bm ane iia hatow bate hs 1 tus 2 ‘ 
an Benes ox ACA tee ehAKeged oh ‘i 3 
Sole P 8 A Biot BV Soe Al Ci A ake Lt hap ak € ' oargey aa 
ee area prepyricry eC anh eran: a8 ol F ' 
wan ac hy ie 4h pe * or ; 
marererae | 4 tubede= at rs 
re eri oye eee ey Sarr ry a 7 
fers pala bad hho vlan ofl Wi Robot i eer eee 6 ar . : 
DPC MA rt BOE MN AED OR VE Reson omy ' a i . 
te Serr perio) et otha ho + Mbte? kd oh . 
AisOidahel tors sues WAM es Nibaeten m Epnutmm t tis tte nS ee ae a a 
ne irae Kat tgos ! LiKe AGAR vin ty OetethestAe f Le Fed wr 


CAMARA A od Win hn am, OSPR yRAB IRL NeRARYG AT 
BPs nat tek HAE ped a se dress ' wane 
donk Ligon hes vay 











4 koihponei 
aerer ert 









2otk, nthe. 
Toa PIM RH oS weMheD Sigh MAW og 
Tee Tee eee eerrern cied 
NeaBiAih RIMES WER wa od Wh uy 1g? oD ete Runt aht dec nar mS 
Oe ad God A td BOS haa B bit sol ht wath Y 
1 Lntell dl sledaendy total pAnaeteh oh ted 
MAMA ater thd eo 
Fink AM Ailes nat ome AP Alen 0 kd 
See mer a 
















Pee warn fre ©. 
1 Way ae emer pa wre 
yet kre 


yA Sten g BEd esa ye elie guniyiy 
‘Se eaten sie lary hte ame 






































































































mie cep | Tera el 3 
(een Ge, BI ETS AY: i f 
ete Val vie hi baty Ssun ig wily Sepa, i. 
Bes fe Re ele ET eS inp tig ub taete iy . e 7 
orbs Were hk ate are Tee. adh ta Ate! ; : s) 
SSutaeres i Toyt a SSF elere< 7 Fs 
5 re af . Seen Sey ¥ wore th 
SEA ATRYN Py ue Sot eer ; ea 
SI a wine es a ee ane ei ane 
wane ae 
ea ee et a i 3 
Va wire se aty te & 
site ‘ebay ~ : 
Se WT ACE rysMey era Lk Wes ee . i 
orl hatitats te loan eaten Mes tery ee 
Je te Cury Wrakecky VtR Ethie shiny ea Tee, yaaa * 
hey Age BYTE Poo we PA ties " 
eSatUrese(y Wien Erk oe gl wie afi yleigee ur te ach ‘ 5 
pablirinte Meh Lace Es Hota fh Ter mek Tee te eT ae : 
bidet Sect oY SAR hh ee sty MGC we, 2 WHY REINS, Eee i 
Pry ae lem Ae par hat Mave E are, oO oweKty why oy . le ee uy eee 
Wty ye RS e Cee AS arrears : 
thet PaIymra ne yente Wee WEES ‘ot a me wee a hia 
hh latins eT Os MUS Be} "ere te ‘ve we bets ee * © : 
ySa "yey arie Vay : 
1 ae rahalasy : M 
See vlere ‘ 
‘ 
Becta ‘ ae . 
Path helt eels ee z 
bla t tae a ad : 
aren crates Mech iors hare aly HZ . : 
oe 0 Pid ee Dart eT Oy! ema os 





Deter ts 
iiehtbiathtate te a a) 




































eer BNW Lot Ft an rane 
Lerrdire Lh alec rep tehtl Sraur  cwtie a NY - 

reas sk away MEF ONEUY wa sg PTW) “ie “ ‘ a Fae 

PAU Aus uee ag roF acd? SURE eye xt peter fodiies ay aE ery Aue ote \ i 

BARN ee ee "a/R MeO wre bly wre Om see 









‘Shu. epee, 
Fas 9K Oy route sere Y uw Ae 
TUNE brewery HE ETN AS Kage WRENS 

eialaeniale Larne Oe 















Uv ON gh aes 
SA POU AAO ae Bary 





Panty! 










; pee meres ‘ i 
he ea ah we potct caer eeren Wwerenier tan yey 
mh Tor xeen pay 7 on 
lp doniatled “its ft r 2 ae 




















NAW UNS Tee URI EY Fa cok Wey 
Fen bec aa Oe ERE aul 
Coe A eA RETA vr, 


cae Ke ume ate fue LSerutey 
Oa ae sT a Pa FUT TR wes Bsa Hebe We 








Se bebe usG ares revue re BTR EE wer ATs we Eee wae oe rere ve a 
POEL TI a ure rab ore telat Alp Aig Vel Ntesytuce le aisucenrene ue hat i : 
peor! Mae eye Mite hee Feet aya ele ay Cer re ON We Oe TK WO 








Perera MEL eae ean 
RbeoPEE RU erarUrseUrWe FE in Are ray aul seth YT 

Ba PRI Cea 
piped Ed RRC ver UP ahem 
aire ligne cts! eR PNeiy ae 
phd tp Gade latt tae ed eit aT 











































no 

steretg recor 4 

idee ape ae ta Tha 2 ah eves er . Aye 
Dorin a tpearidaliy ht ight eee la th BITTY hy ' ana 

oy angie, 
Pree wr atesa tan ta tet ae ; 
efUreaey eunvivrweu ety a vobw ©. By) 
er yrevarE TN Cea MW iy A 
rat eee reowe wPH re ey Lee we ated 
wee we Wee vet ie. | va see we 
= Yewry7a -w @ ALR TALLY ‘9 on Bee geunhey “Wi§ Cua @ 

RW ERU ELVIN NONE TQ ~HED PEP a0 ROD UTVIOTLEY @ ALUM CalyR, ‘ 
erelvegenruleabeururere Gb EFT WO eLBIV TY MBSOTE Ne TU Beet 
SOME UR YEW Pyne D> PFUTEROSW YIU LAU Ve. FE. Weoreorz he . . 
Por rwervrercn arrive ei hin ay € eOLe oe) ' 
SUP GULL Ce by Teh EP NEY Bde vr". ' 
Prose avec euiacy re ir euteey Wit 5 
AAS Niet yrule Mary RS £m ae 
Vener! udeeervultvrut rata 











Flight test method minnint for a qua 


A 














